S-adenosylmethionine (SAM) is the main methyl donor in the transmethylation of numerous essential cell constituents (DNA, neurotransmitters, phospholipids, and many small molecules) 1 . After decarboxylation, SAM acts as a propylamine group donor in the biosynthesis of some polyamines (spermine and spermidine) 2 . Its importance is reflected by the fact that this molecule participates in as many reactions as ATP. However, contrary to ATP which is produced in a large number of reactions, SAM synthesis occurs in only one reaction catalyzed by methionine adenosyltransferase (MAT, EC 2.5.1.6). MAT is generally a homotetrameric enzyme that uses methionine and ATP in a reaction dependent on the presence of K + and Mg 2+ ions to render SAM, pyrophosphate and inorganic phosphate 3; 4 .
To date, many structure/function relationship studies have used either the Escherichia coli (c-MAT) or rat liver (rl-MAT) enzyme. These studies have provided a relevant amount of information on key residues of the protein, including cysteines and active-site amino acids 5; 6; 7; 8; 9 . Since the description of the first MAT gene 10 , a substantial number of genes encoding MATs of different origins have been cloned and characterized 11; 12; 13; 14; 15; 16 . The data obtained indicate exceptional conservation of the gene sequence among highly divergent species. At the amino acid level, c-and rl-MATs have been estimated to show 52% identity 17 . The crystal structures of these MATs are the only ones presently available that indicate that conservation also occurs at the structural level, and this is reflected by the essentially identical organization of the domains in the monomer 7; 18 .
The development of molecular phylogenetics has been generally based on small-subunit (SSU) and large-subunit (LSU) ribosomal RNA analysis 19 . However, several recent concerns have challenged the validity of rRNA as a unique phylogenetic marker. These concerns are related to biases in base composition, disparities in evolutionary rates among lineages, position-dependent substitution patterns, alignment ambiguities among very distant species, etc. Thus, recent efforts have focused on assessing the use of other genes 20; 21; 22; 23 and large combined protein sequence data sets 24; 25 to reconstruct evolutionary relationships among organisms. It has even been suggested that it will be possible to reconstruct a robust universal phylogeny only if a core of conserved markers, not affected by lateral gene transfer, is identified 26 .
Despite a high degree of sequence and structural conservation in MAT, a large number of representative species for which there are available sequences, and vast knowledge on MAT structure and functionality in highly divergent species, this enzyme has not yet been considered as a possible phylogenetic marker. Although attempts have been made to reconstruct partial phylogenies 15; 27; 28 and MAT has been included in studies examining sets of several proteins 29; 30; 31 , no universal phylogenetic evaluation has used MAT as the marker. Hence, the aim of the present study was to assess the performance of MAT in phylogenetic reconstructions using the 292 sequences available to date, and to demonstrate its utility in molecular systematic studies.
Results and Discussion

MAT sequence identification and characterization
MAT sequences retrieved by database mining led to the identification of 303 candidate sequences in almost every eukaryote and bacterium, but none in archaea, for which non homologous replacement by a new type of MAT has been recently described 32 . The absence of the MAT gene from the complete genomes of members of the genus Chlamydia and the microsporidia Encephalitozoon cuniculi, both intracellular parasites 33; 34 , is remarkable.
Sequences for Rickettsia prowazekii and R. typhi, also obligate intracellular parasites, were excluded from the analysis because of the recent detection of stop codons in their MAT gene sequences. This may be interpreted as indicative of a certain degree of genome degeneration 35 .
The lack or degeneration of the MAT gene in these species may be explained by functional redundancy (obsolescence) or by the existence of another methyl donating pathway (the host produces the methyl donor to be used by the parasite or another compound replaces SAM).
Giardia lamblia, one ancient eukaryote, showed highly divergent sequence and was thus only included in preliminary studies, in which it appeared as the earliest eukaryote with unique structural features. G. lamblia has a 41 amino acid insertion in the loop that connects helix 4 with β-strand A4, the significance of which is unknown .
Sequence conservation vs. 3D structure constraints
A final alignment of 392 positions was obtained from the 292 MAT amino acid sequences considered. Positional identity was difficult to establish in areas located at the N-and C-terminals and at loops connecting secondary structure elements. These ambiguous positions were therefore excluded, leaving 330 parsimony-informative positions for the final analysis.
MAT protein alignment revealed the presence of 57 amino acids located in identical positions in 100% of MATs analyzed and 61 additional residues that were conserved in 90% of the species studied. This indicates that approximately 30% of MAT residues are identical in all species.
Moreover, 49 amino acid positions were identical in 75-90% of the species, 45 in 60-75%, and 39 in 50-60%. Residue conservation was inhomogeneous along the MAT sequence. Further, regions such as the N-terminal, C-terminal and some intermediate regions showed a lower degree of identity, probably due the capacity of these areas to absorb a high variety of substitutions without affecting the overall conformation of the molecule and its function.
Core areas of greatest amino acid conservation were observed along 5 stretches which we denoted blocks I, II, III, IV and V ( Figure 1 ). Block I comprises residues 20-47, including the β-strand A1 and the α-helix 1, and one of the methionine binding motifs, 29 GHPDK 33 which is preserved in all MAT sequences 7 . Block II is defined by two separate areas bearing residues 114-122 and 132-143, flanking the flexible loop at the active site of the enzyme. This loop has been recently shown to be involved in controlling the catalytic efficiency of the enzyme 36 .
Conservation of these two areas could be due to the need to preserve the correct orientation for the loop, or to the fact that it contains the ATP binding motif 132 GAGDQG 137 17 . The consensus sequence for ATP binding sites has been defined as GxGDxG plus a lysine located 16-28 residues upstream 37 . However, MAT seems to show no variation in this sequence, which is always GAGDQG, highlighting the significant role of alanine and glutamine residues in this enzyme's ATP binding motif. Block III comprises residues 177-189 that form part of β-strand A2, including D180 and K182, two of the amino acids involved in catalysis 7; 18 . Block IV is the largest and most conserved including 54 amino acids (246-300). This block contains the central loop connecting the N-terminal and central domains, as well as many residues directly involved in substrate and cation binding 7; 18 . In addition, this block contains a high-glycine stretch (254-281 with 10 Gly), which is fully preserved in all MATs. Finally, block V corresponds to the Cterminal and includes α-helix 9 (372-389). Besides these blocks, two further reasonably conserved regions were detected: the first comprises β-strands B1 and B2 with two conserved motifs, residues 55-59 and 70-75, and residue E58, involved in a saline bond with the central loop 7 ; and the second area includes residues 303-337, which form part of β-strands C2, C3, and the end of helix 5. However, it must be emphasized that all the amino acids involved in substrate binding and catalysis occur in the blocks described above, and are fully conserved in the MAT family.
To asses the relationship between evolutionary conservation and surface accessibility, the amino acids were also classified according to the degree of identity among MAT sequences as four categories: fully (100%), highly (75-99%), moderately (50-75%) and poorly conserved (<50%) (Figure 2 ). Buried residues were often observed among the amino acids within the first and second categories (>75%), whereas exposed amino acids were poorly represented in these categories. This over-representation of buried residues among the most conserved residues could reflect their involvement in catalytic activity, correct folding and the stability of the final structure. The fact that they establish the highest number of interactions among residues in the protein structure and their hydrophobic character, may be indicative of their role in the folding nuclei of the monomeric intermediate, according to the overall folding mechanism that has been established 38 . This area is later involved in the association process that leads to the dimer, the minimum active unit of MAT enzymes 2 .
Surface mapping of the level of evolutionary conservation for each amino acid in the protein structure may help to identify functionally and/or structurally significant regions 39 . For this purpose, we used available crystallographic data for rl-MAT I/III and color-coded the surface according to the previously defined residue conservation categories ( Figure 3A -D). The conservation pattern shows that the preserved blocks defined above occur in the inner channel, where the active site is located, and in the conserved area exposed at both the entrance and walls of this channel. High conservation among residues at the subunit interface is, therefore, consistent with a role for these amino acids in the structure and function of MAT, as reported for other oligomeric enzymes 40 . The study of individual enzyme families reveals how binding and catalysis are optimized in nature through the inclusion of mutations that improve efficiency in cases in which no new function has been acquired 41 . However, the perfect conservation of active site residues in MATs is an exception to this rule, since it indicates the preservation of the catalytic mechanism during evolution with no modification. This would suggest that the special features of the reaction catalyzed by MAT cannot be easily improved.
It is also of interest that several residues outside the subunit interface are also highly conserved. These residues were found to be mainly located in loops connecting secondary structure elements, thus suggesting a key role in preserving the correct orientation between them.
The relevance of preserving this orientation probably reflects their essential contribution to final protein folding.
Sequence alignment using conventional algorithms revealed 60% identity between eukaryotic and bacterial MATs. The high degree of sequence conservation indicates severe restrictions for the substitution of certain amino acids. Such restrictions may be determined by two factors. First, the location of certain residues in the active site is important because of their role in catalysis. Mutations affecting these or adjacent residues modify their relative orientation leading to considerably reduced enzyme activity 7 . The second factor is that correct orientation and positioning of certain secondary structure elements seems to depend strongly on the presence of some amino acids in the connecting loops, thus their substitution may lead to wrongly folded structures with no activity. To date, no such modifications have been identified in any MAT sequence though these loops have not yet been mapped by site-directed mutational analysis.
Evolutionary studies could, nevertheless, take advantage of these restrictions in the sequence.
Residue changes in areas of low variation that could be functionally absorbed in a certain evolutionary setting, are very unlikely to be repeated or to revert back at a different evolutionary time. Thus, the mutational study of certain areas of the MAT sequence may serve to clarify certain evolutionary relationships due to the low probability of mutational saturation at the protein level.
MAT as a phylogenetic marker
To establish whether MAT could be a useful tool for reconstructing phylogenetic relationships among clades, we used a final data set of 330 positions for distance and parsimony phylogenetic analyses (Figure 4) . A general view of the unrooted MAT tree shows the separate grouping of Eukaryota and Eubacteria with high bootstrap support indicating a common evolutionary origin. Protein structure comparisons showed that sequences belonging to each group can be clearly distinguished according to the number of residues involved in the loop connecting β-strands A2 and A3. Specifically, this loop was normally 3-4 residues shorter in bacteria, except for Campylobacter jejuni and Deinococcus radiodurans. This difference has structural implications as shown in Figure 5 . A longer loop allows the establishment of 18 favorable interactions between N-and C-terminal domains, including the formation of a salt bridge between D192 and R313. However, in eubacteria, only 2 can be formed among such interactions including a salt bridge and hence both domains remain more distant. Close inspection of the structural models constructed from the crystallographic data available, shows higher rigidity for the monomer in the eukaryota, due to contact of N-and C-terminal domains 7; 18 .
Members of the MAT family can be grouped into several clades, mostly corresponding to the main taxonomy arrangements. Analysis of MAT phylogeny allows the identification of consensus sequences and specific structural features for the groups (table 2) . Additional specific characteristics for each major taxonomic group are detailed below:
1.Eukaryotes
A general view of the eukaryotic MAT phylogeny supports an animal-fungal clade excluding green plants. This is consistent with results obtained using SSU rRNA 42 and protein reconstructions 43; 44; 45 .
Viridiplantae
Three to four MAT gene copies were identified in the plants. These show differential expression among tissues and during development 27; 28; 46; 47; 48; 49 . Our analysis also supports (bootstrap value >99%) previous plant MAT gene classification as two types (types I and II) 27 .
This topology suggests ancestral duplication, but the absence of MAT genes in conifers prevents us knowing whether duplication occurred before or after the divergence of Magnoliophyta from 50 .
It is generally accepted that the ancestors of vascular plants were similar to green algae (Chlorophyta). In our phylogenetic analysis, the green alga Chlamydomonas reinhardtii branches earliest from the plant clade with high bootstrap support (100%). Some genes may be nonfunctional because of extensive divergence (e.g., Cicer arieticum) or loss of the C-terminal conservation shown by the remaining MATs (e.g., Gossypium hirsutum 3). Some of these MAT copies may no longer be needed as in other gene duplications and thus degenerate to pseudogenes.
The MAT genes corresponding to conifers appeared apart from the remaining plants,
indicating earlier divergence for this group. The inclusion of one of the two genes isolated from
Pinus contorta among the Leuconostocaceae, which were initially considered an outgroup for the plants, deserves special mention 28 . Based on the high degree of confidence for this node, the most parsimonious explanation for this would be a horizontal gene transfer event.
Fungi
In this phylogenetic analysis, fungi clustered as a monophyletic group forming the second branch point from that leading to the animals. This topology is well-supported by other studies 51 . Moreover, the MAT tree shows the early separation of the phylum Basidiomycota from Ascomycota, with high bootstrap support (100%). Only one MAT gene could be identified in most of the fungal species. The exception was Saccharomyces cerevisiae which has recently duplicated its genome 52 and has two similar copies of the MAT gene.
Nematoda
Interestingly, Caenorhabditis elegans presents 5 MAT genes. One of them, C49F5. 
Arthropoda
Arthropods differed from the other organisms containing specialized tissues in that only one MAT gene was identified. However, genomic analysis revealed the possibility that this gene may suffer alternative splicing of exon 4 which codifies the flexible loop. Differences among both exons occur in the highly variable region within the loop, whereas conserved regions remain unchanged. These results suggest a role for the flexible loop in the regulation of arthropod MAT that eliminates the need for duplication and tissue specific distribution for each gene, i.e., the most common mechanism seen in MAT from higher organisms.
Vertebrata
There are three isoforms of MAT in mammalian tissues that are encoded by two genes.
MAT I and MAT III are tetrameric and dimeric forms, respectively, of the same gene product (MAT1A), which is mainly expressed in adult liver 53 . The ubiquitously expressed MAT II isoform is a heterotetramer (α 2 β 2 ), whose catalytic subunit (α) is encoded by a different gene (MAT2A) 2 . The protein isoforms also differ in their regulation and catalytic properties (affinities for methionine) 2; 53 . In every vertebrate reported here, both genes presented around 85% identity, differences always corresponding to the same regions. The MAT tree clearly separates both gene types and locates the duplication event after the divergence from Urochordata, but before the divergence from Teleostomi. This is not surprising, if we consider that many early chordate gene families were formed or expanded by large-scale DNA duplications 54 .
Interestingly, liver ontogeny in vertebrates is concomitant with this MAT gene duplication
suggesting that tissue-specialized enzyme forms were required for adaptation to the functions of this new organ. MAT I/III has been suggested as a marker for liver development, due to the differential expression of its isoforms in fetal and adult tissue 55 .
A further significant issue is identifying specific isozyme residues to which to ascribe functional roles for these conserved amino acids, such as has been done for other homotetrameric enzymes 56; 57 . This identification uses information from the sequence alignment of vertebrate MAT isozymes and is based on the criterion that the residue is conserved in orthologs and is distinct among paralogs. Surprisingly, not all the residues considered liver-specific occurred in all our vertebrate clades suggesting that the specialization of the liver MAT gene took place gradually. Thus, cysteine 121 is found at the flexible loop of the liver enzyme and, being the target for regulation by nitrosylation of the protein 58 , it mediates the response to oxidative stress.
This residue is present in mammalian liver MAT, but not in that of Gallus gallus. By comparing MAT I/III and MAT II among mammals, birds, amphibian and fishes we were able to identify further analogous positions (Table 2) . Along with functional studies, the characterization of new MAT sequences from species intermediate between mammals and ancient chordates, may clarify the evolutionary adaptation related to functional diversification of the MAT liver gene.
Finally, sequence comparison and the evolution of intron/exon junction positions among bilateria (data not shown) suggest the presence of a common ancestor for arthropods and vertebrates that branched from nematodes. This observation is in line with previous studies based on 18S rRNA that assign nematodes and arthropods to a common clade (Ecdysozoa) separate from vertebrates 59 . Conversely, our results are more in agreement with a recent study based on more than 100 proteins that supports the traditional Coelomata hypothesis 31 grouping arthropods with vertebrates apart from nematodes. This reinforces the idea that MAT is a better marker than rRNA for resolving the branching order of the main animal lineages. appeared as an independent branch confirming its position in a unique phylogenetic group as described by the use of 16S rRNA 60 . There is little resolution in the MAT tree reflecting the position of these phyla, and hence no consistent phylogenetic relationships with other groups could be clearly established.
Bacteria
2.1.Proteobacteria
Proteobacteria have been previously divided into five phylogenetically distinct groups (α, β, γ, δ and ε) 19 . In the present phylogenetic analysis, proteobacterial MAT sequences did not consistently form a clade. However, the α-, β-, γ-and δ-groups were found to cluster individually.
-Proteobacteria
All the α-proteobacteria MAT considered grouped with near 100% confidence but branched apart from the rest of proteobacteria because of the extension of several loops only detected in this class ( Table 2 ). The phylogenetic tree presents an early branching point bearing several members of the order Rickettsiales, indicating the early separation of this order from the remaining α-proteobacteria. The order Rhizobiales was also clearly separated from the rest of the α-proteobacteria. The most distinctive feature of species of this order was the presence of a 7
amino acid insertion between helix 1 and β-strand B1. Other characteristics typical of rhizobial MATs were: a) a flexible loop at least 2 residues longer than in the other α-proteobacteria; and b) an insertion between β-strand B2 and helix 2. The exception to this rule was shown by
Methylobacterium extorquens with none of these peculiarities, indicating the very early separation of this family from the remaining rhizobiales.
Based on this phylogenetic tree, MAT sequences from β-and γ-proteobacteria show a common origin, whereas relationships with the rest of the proteobacteria remain obscure, given the <50% bootstrap value for the nodes separating these bacterial classes. Differences between both groups rely, for example, on the presence of two extra residues in the flexible loop of the β-proteobacteria. Of interest is the presence of Acidithiobacillus ferrooxidans among the β-proteobacteria, despite its taxonomical classification as belonging to the order Chromatiales of the γ-proteobacteria. However, the high statistical support for this branch in our analysis and the absence of the typical characteristics of a γ-proteobacteria suggest its reclassification within β-proteobacteria.
Most of the γ-proteobacteria clustered in the tree, showing relationships among the different orders in this class. All the members of the Pasteurellales included in the tree grouped together, as occurred for the Enterobacteria. MAT sequences in members of the order
Legionellales slightly diverged from those of the remaining γ-proteobacteria. This leads to the early branching of Legionellales from the γ-proteobacteria group.
Cyanobacteria
Based on MAT phylogeny, the Cyanobacteria appeared as an independent taxonomic group that was well differentiated by specific insertions ( Table 2) . Two of the four members of subsection I included in this study (Prochlorococcus marinus and Synechococcus sp.) carried a 7-residue insertion between helix 4 and β-strand A4. In contrast, remaining cyanobacteria only have 6 amino acids at this position. In addition, these two species have an extra residue inserted in the loop between helix 2 and β-strand B3. This could explain why P. marinus and Synechococcus sp. occur apart from the other members of subsections I, III and IV.
CFB group
The CFB group was included in a homogeneous cluster due to the specific characteristics of this phylum (Table 2) . It should be highlighted that phylogenetic reconstruction places
Chlorobium tepidum on an early branch from the CFB group, although it presents distinctive features such as a 4-residue insertion in the flexible loop, and the absence of insertions in the loop between helix 4 and β-strand A4. This position in the tree indicates the existence of a common ancestor for both phyla and their subsequent divergence. The class Sphingobacteria reflects this group's peculiarities: the loop between β-strand A3 and helix 4 does not include the 10-12 residue insertion detected in members of the class Bacteroidetes. Moreover, in
Chlorobium this insertion bears 7 residues.
Actinobacteria
Members of the group Actinomycetales clustered perfectly together, with the order Mycobacterium, Corynebacterium and Bifidobacterium (3-2 residues).
Firmicutes
2.5.1 Bacilli/Clostridia. All Clostridia and Bacilli clustered together but separately defined each class. Moreover, within Bacilli, the orders Bacillales and Lactobacillales were also separately arranged. The topology observed for the family Leuconostaceae is an exception, which can be explained by the early divergence from a common ancestor giving rise to a branch for Leuconostocaceae and a later divergence rendering the Bacilli and Clostridia families.
Alternatively, the MAT sequence in Leuconostocaceae diverged rapidly.
Mollicutes
This class clustered apart from the other Firmicutes (Clostridia, Bacilli). This might be explained by the presence of a 7-amino acid deletion in the loop connecting helix 2 and β-strand 
Conclusions
The present study is a first attempt at using the housekeeping MAT gene as a marker in eukarya and bacterial systematics, as an alternative to rRNA and other protein reference markers.
This work is the result of integrating data yielded by intensive data mining, robust aligning of 
Materials and Methods
MAT sequences
MAT amino acid sequences were deduced from DNA sequence data available from complete or nearly complete publicly available genomes by conducting a TBLASTN search using rl-MAT as probe. For further references to amino acid positions rl-MAT is used as the consensus sequence. Candidate sequences were identified as MAT when they met the following criteria: a) a length of 370-414 amino acids; b) an N-terminal sequence containing the motif 64 . Distances were calculated using Dayhoff in PROTDIST followed by the use of NEIGHBOR or PROTPARS for tree reconstruction. Phylogenetic trees were drawn using the MEGA2 65 and ATV programs 66 .
Statistical support for the groups in the tree was evaluated by bootstrap analysis of 500 iterations using SEQBOOT.
Amino acid solvent accessibility
Coordinates for rl-MAT crystal structure 7 were used to calculate the solvent accessibility (SA) of each individual residue in the dimeric structure using the SwissPdbViewer 67 . Amino acids with a SA <10% are regarded as buried, whereas residues with SA >10% are considered exposed 68 . The locations of α-helices and β-strands as found in the rat liver MAT 3D structure are provided above the identity consensus sequence. The structure of the first 16 residues (lowercase) in rat liver MAT is not known. 
Footnotes Acknowledgments
Plants
Insertion of 3-4 residues in the loop connecting helixes 7 and 8, between positions 369-370
Fishes
Present specific residues for the MAT I enzyme, C69, C377 and V262
Birds/reptiles
Present additional specific residues such as R82 and D167, besides those shown in fishes Vertebrates
Mammals
Present a typical cysteine in the MAT I flexible loop, C121 besides the residues specific for fishes, birds and reptiles Deletion of 3-4 residues in the loop connecting β-strands A2-A3 Deletion of 2 residues in the loop connecting helix 2 and β-strand B3 Insertion of 4 residues between helix 4 and β-strand A4 Proteobacteria Isertion of 4-5 residues between helixes 8-9
Insertion of 4 residues in the loop between β-strand B3 and helix 4
Insertion of 6-7 residues in the loop connecting helix 4 and β-strand A4 Insertion of 7 residues in the loop between helixes 7 and 8
Cyanobacteria
Insertion of 2 residues in the loop connecting helixes 8 and 9
Insertion of 1-2 residues in the loop connecting helix 3 and β-strand A2 Insertion of 2 residues in the loop connecting β-strand C3 and helix 6 Insertion of 9-11 residues in the loop connecting helix 4 and β-strand A4
CFB group
Insertion of 21-22 residues in the loop connecting helixes 8 and 9
Insertion of 8 residues in the flexible loop Actinobacteria Insertion of 2-4 residues in the loop connecting helix 4 and β-strand A4
Firmicutes
Mollicutes Deletion of 7 residues in the loop connecting helix 2 and β-strand B3
